Significance StatementThis article defines the role of *SMAD4* at the earliest stages of human cardiogenesis. It will also be of considerable interest to scientists interested in human stem cell models of development and disease, physician‐scientists interested in congenital heart defects, and basic scientists interested in the transforming growth factor‐β signaling pathways.

Introduction {#stem2943-sec-0003}
============

The transforming growth factor (TGF)β superfamily signaling pathways have been implicated in a diverse array of biological processes, including cell proliferation, differentiation, morphogenesis, tissue homeostasis, and regeneration. The molecular framework for the TGFβ superfamily signaling pathways is well‐described [1](#stem2943-bib-0001){ref-type="ref"} with more than 30 ligands, 4 type‐II, and 7 type‐I receptors. SMAD proteins serve as intracellular mediators and SMAD family member participation in these pathways can be broadly subdivided into two groups: bone morphogenetic protein (BMPs) and TGFβ/Activin/NODAL. BMP signals phosphorylate SMAD1, SMAD5, and SMAD8*,* while SMAD2 and SMAD3 are phosphorylated in response to activation of the TGFβ, Activin, and NODAL signals. Phosphorylation of the R‐SMADs (SMAD1/5/8 and SMAD2/3) permits their association with the common‐mediator (co‐Smad), SMAD4, resulting in nuclear translocation and formation of higher order transcriptional complexes. Thus, SMAD4 plays a central role in TGFβ superfamily signaling.

Both BMP and TGFβ/Activin/NODAL signaling pathways play an important role in human embryonic stem cell (hESC) self‐renewal and differentiation. Mouse embryonic stem cells are routinely cultured in medium containing GSK3β and Mek1/2 inhibitors, which can, but not required to, include leukemia inhibitory factor. hESCs use distinct signaling pathways to support their self‐renewal. The routine hPSC culture medium contains two essential growth factors: basic fibroblast growth factor (FGF2), TGFβ, or NODAL. FGF2 promotes hESC self‐renewal by repressing BMP signaling pathways [2](#stem2943-bib-0002){ref-type="ref"}. TGFβ or NODAL can increase the expression of the pluripotency gene NANOG and leads to consistent long‐term culture stability of hESCs [3](#stem2943-bib-0003){ref-type="ref"}. Inhibition of the TGFβ/Activin/NODAL receptors with SB431542, an inhibitor of Activin A receptor‐like kinase ALK5 and its relatives ALK4 and ALK7, results in rapid differentiation of hESCs [2](#stem2943-bib-0002){ref-type="ref"}, [4](#stem2943-bib-0004){ref-type="ref"}, [5](#stem2943-bib-0005){ref-type="ref"}, [6](#stem2943-bib-0006){ref-type="ref"}, [7](#stem2943-bib-0007){ref-type="ref"}.

BMP and Activin, on the other hand, can be used to induce differentiation of hPSCs. High‐dose Activin A is used to induce mesendoderm differentiation [8](#stem2943-bib-0008){ref-type="ref"}, while the combination of BMP and Activin A is used to induce cardiomyocyte (CM) differentiation [9](#stem2943-bib-0009){ref-type="ref"}. Although CM differentiation can be achieved by temporal manipulating WNT signaling pathways [10](#stem2943-bib-0010){ref-type="ref"}, Activin A and BMP signaling pathways are still essential. It has been shown that SB431542 can completely block CM differentiation [10](#stem2943-bib-0010){ref-type="ref"}. And BMP inhibitors, such as DMH1, LDN193189 can partially block CM differentiation [11](#stem2943-bib-0011){ref-type="ref"}.

Loss‐of‐function studies in mice have revealed important roles of the TGFβ superfamily signaling pathways in early embryogenesis [12](#stem2943-bib-0012){ref-type="ref"} and later embryonic heart development [13](#stem2943-bib-0013){ref-type="ref"}, [14](#stem2943-bib-0014){ref-type="ref"}, [15](#stem2943-bib-0015){ref-type="ref"}. Previous studies have shown that the loss of function of *Smad4* in murine models leads to embryonic lethality before E7.5 with reduced growth and a secondary, noncell autonomous defect in gastrulation [16](#stem2943-bib-0016){ref-type="ref"}, [17](#stem2943-bib-0017){ref-type="ref"}. Murine *Smad4* deficiency results in partial mesoderm formation, with abnormal cardiac development [18](#stem2943-bib-0018){ref-type="ref"}, [19](#stem2943-bib-0019){ref-type="ref"}. Together, these studies demonstrated that the Smad4‐null mice epiblast still maintain the capacity for CM differentiation.

In the human setting, in vitro CM differentiation recapitulates the in vivo regulatory pathways that control the establishment of the corresponding lineage in the early embryo [20](#stem2943-bib-0020){ref-type="ref"}, [21](#stem2943-bib-0021){ref-type="ref"}. To define whether these studies result in a corresponding effect on human cardiogenesis, we used the CRISPR‐Cas9 system to engineer *SMAD4* mutated hESCs, allowing the evaluation of the direct cell autonomous role of *SMAD4* in both hESC self‐renewal and subsequent CM differentiation. First, we demonstrate that *SMAD4* is not required for long‐term maintenance of hESCs. Second, we show that *SMAD4* is essential for cardiac mesodermal precursor cell formation, and reveal the distinct roles of WNT/β‐catenin and NODAL/SMAD4 signaling pathways at the earliest step of human cardiogenesis.

Materials and Methods {#stem2943-sec-0004}
=====================

Maintenance of hESCs {#stem2943-sec-0005}
--------------------

Human pluripotent stem cells (ES03, NIH code: HES3) were obtained from WiCell and maintained on Vitronectin (Thermo Fisher Scientific, USA) coated plates in Essential 8 (Thermo Fisher Scientific). And Versene (Thermo Fisher Scientific) was used to dissociate the hESCs for passage.

Cardiac Differentiation of hESCs Via the GiWi Method {#stem2943-sec-0006}
----------------------------------------------------

After the hESCs achieved confluence on a Vitronectin‐coated surface, the cells were dissociated with Versene (Thermo Fisher Scientific) at 37°C for 5 minutes and then seeded onto a Matrigel‐coated cell culture dish at a density of 100,000 cells per cm^2^ in Essential 8 supplemented with 5 μM Y‐27632 (Sigma--Aldrich, St. Louis, MO; day −2) for 24 hours. Cells were then cultured in Essential 8 without Y‐27632, and changed daily. Cardiac differentiation of hESCs was performed according to previously published GiWi methods [10](#stem2943-bib-0010){ref-type="ref"}. Briefly, at day 0, cells were treated with 12 μM CHIR99021 (Sigma--Aldrich) for 24 hours in RPMI/B‐27‐ins medium (RPMI medium with B27 supplement minus insulin), followed by a change with RPMI/B27‐ins medium at day 1. At day 3, half of the medium was changed to the RPMI/B27‐ins medium containing 5 μM IWP2 (Sigma--Aldrich), which was then removed during the medium change on day 5. Cells were then cultured in RPMI/B27 medium (RPMI medium with B27 supplement) and changed every 2 days.

Cardiac Differentiation from hESC with Growth Factor Based Method {#stem2943-sec-0007}
-----------------------------------------------------------------

After the hESCs achieved confluence on the Vitronectin‐coated surface, the cells were dissociated with Versene (Thermo Fisher Scientific) at 37°C for 5 minutes and then seeded onto a Matrigel‐coated cell culture dish at 100,000 cells per cm^2^ in Essential 8 supplemented with 5 μM Y‐27632 (Sigma--Aldrich; day −2) for 24 hours. Cells were then cultured in Essential 8 without Y‐27632, and changed daily. Cardiac differentiation of hESCs was performed according to previously published growth factor based methods [10](#stem2943-bib-0010){ref-type="ref"}, [22](#stem2943-bib-0022){ref-type="ref"}, [23](#stem2943-bib-0023){ref-type="ref"}, [24](#stem2943-bib-0024){ref-type="ref"}. Briefly, at day 0, cells were treated with 100 ng/ml Activin A (R&D Systems Inc., Minneapolis, MN) in RPMI/B27‐insulin. After 24 hours, the medium was changed to RPMI/B27‐insulin supplemented with 5 ng/ml BMP4 (R&D Systems Inc.) for the next 4 days. At day 5, the medium was changed to RPMI/B27 and medium was changed every 2 or 3 days.

Plasmid Constructs {#stem2943-sec-0008}
------------------

### CRISPR‐Cas9 {#stem2943-sec-0009}

*PiggyBac* CRISPR‐Cas9 (PB‐CRISPR) was constructed by cloning the sgRNA and Cas9 expression cascade from pLentiCRISPR [25](#stem2943-bib-0025){ref-type="ref"} into a *PiggyBac* vector modified from PB‐OSKML [26](#stem2943-bib-0026){ref-type="ref"}. We designed two gRNAs targeting exon 3 of *SMAD4*, smad4‐g1: TGATCTATGCCCGTCTCTGG and smad4‐g2: AGACGGGCATAGATCACATG. The two gRNAs were cloned into PB‐CRISPR similar to pLentiCRISPR vector, termed pPB‐CRISPR‐SMAD4‐g1 and pPB‐CRISPR‐SMAD4‐g2.

### PiggyBac UbC‐Smad4V5 {#stem2943-sec-0010}

V5‐tagged *SMAD4* cDNA and GFP‐Blasticidin chimeras were synthesized using IDT\'s Gene Block, and the fragment\'s cloned into modified PB‐UbC vector. P2A sequence linked the SMAD4v5 with a chimera protein GFPBsd, which functions as both GFP and Blasticidin resistance. The whole cascades were integrated into the genome using *PiggyBac* System [26](#stem2943-bib-0026){ref-type="ref"}.

Cell Line Generation {#stem2943-sec-0011}
--------------------

### *SMAD4 Mutant hESC Lines* {#stem2943-sec-0012}

Three plasmids, pPB‐CRISPR‐SMAD4‐g1, pPB‐CRISPR‐SMAD4‐g2 and pCyL43, were used for genome editing in hESCs. Two million hESCs, 1 μg pCyL43 and 4 μg pPB‐CRISPR‐SMAD4‐g1, pPB‐CRISPR‐SMAD4‐g2 DNA were mixed in 100 μl nucleofection solution and then nucleofected with program B‐16 using a Nucleofector 2b device (Lonza, Germany). After 2 weeks of 0.5 μg/ml Puromycin selection, cells were singularized and sparsely seeded to generate single cell derived clones.

### SMAD4 *Re‐Expression hESC Lines* {#stem2943-sec-0013}

Two plamsids, pPB‐UbC‐SMAD4V5 and pCyL43, were used to generate *SMAD4* overexpression/rescue hESCs. Two million hESCs, 1 μg pCyL43 and 4 μg pPB‐UbC‐SMAD4V5 DNA were mixed in 100 μl nucleofection solution and then nucleofected with program B‐16 using a Nucleofector 2b device (Lonza). After 2 weeks of 5 μg/ml Blasticidin selection, cells were singularized and sparsely seeded to generate single cell derived clones. Colonies with homogeneous GFP expression were picked for final rescue experiments.

Sequencing {#stem2943-sec-0014}
----------

Genomic DNA was extracted from putative *SMAD4* mutated hESC clone cells using Quick‐gRNA MiniPrep kit (Zymo Research, D3007). The targeted genome region was amplified with the following primer pairs, forward: GACAAGGGTCTTGCCATGTT and reverse: TAAAGTCGCGGGCTATCTTC. The amplified PCR fragment was inserted into pCR4TOPO vector via the TOPO‐TA cloning system (Thermo Fisher Scientific). Plasmids from individual *Escherichia coli* clones were Sanger Sequencing using a T7 primer.

Antibodies {#stem2943-sec-0015}
----------

POU5F1 (sc‐5279, Santa Cruz Biotechnology Inc., Santa Cruz, CA); NANOG (4903S, Cell Signaling Technology, Beverly, MA); SOX2 (3579, Cell Signaling); PAX6 (Developmental Studies Hybridoma Bank \[DSHB\], Iowa City, IA); TBXT (AF2085, R&D Systems Inc.); MESP1 (ab77013, Abcam, Cambridge, U.K.); ISL1 (39.4D5, DSHB); NKX2‐5 (sc‐14033, Santa Cruz Biotechnology Inc.); TNNT2 (MS‐295‐P1, Thermo Fisher Scientific); V5 (R960‐25, Thermo Fisher Scientific); SMAD4 (ab110175, Abcam; sc‐7966, Santa Cruz Biotechnology Inc.); GAPDH (8884S, Cell Signaling); CXCR4 (ab1670, Abcam); APLNR (702069, Thermo Fisher Scientific); CD13 (ab7417, Abcam).

Flow Cytometry {#stem2943-sec-0016}
--------------

Cells were dissociated into single cells with Accutase (Thermo Fisher Scientific) for 10 minutes, and subsequently fixed with 1% paraformaldehyde for 20 minutes at room temperature and stained with primary and secondary antibodies in phosphate buffered solution (PBS) with 0.2% Triton X‐100% and 0.5% bovine serum albumin (BSA). Data were collected on a FACSCaliber or FASCanto flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ) and analyzed using FlowJo. Fluorescence‐activated cell sorter (FACS) gating was based on the corresponding isotype or secondary only antibody control.

Immunostaining {#stem2943-sec-0017}
--------------

Cells were fixed with 4% paraformaldehyde for 15 minutes at room temperature and stained with primary and secondary antibodies in PBS plus 0.4% Triton X‐100% and 5% nonfat dry milk. Nuclei were stained with DAPI. A Zeiss LSM 700 confocal microscope was used for imaging.

Western Blot Analysis {#stem2943-sec-0018}
---------------------

Cells were lysed in M‐PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific) in the presence of Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). Proteins were separated by NuPAGE 4%--12% Bis--Tris Protein Gels (Thermo Fisher Scientific) and transferred to a nitrocellulose membrane with Trans‐Blot Turbo Transfer system (Bio‐Rad, Hercules, CA). After blocking with 5% nonfat dry milk in TBST, the membrane was incubated with primary antibody overnight at 4°C. The membrane was then washed, incubated with an anti‐rabbit peroxidase‐conjugated secondary antibody at room temperature for 1 hour, and developed using SuperSignal West Femto Maximum sensitivity substrate (Thermo Fisher Scientific).

RNA Sequencing {#stem2943-sec-0019}
--------------

Total RNA was isolated with Direct‐Zol RNA Kits (Zymo Research, USA). RNA quality was checked using the BioAnalyzer 2100 (Agilent Technologies, Palo Alto, CA). Library preparation type was Illumina TruSeq Stranded mRNA, Poly‐A selection. Samples were sequenced on an Illumina HiSeq2500 with a 2 × 126 setup using HiSeq SBS Kit v4 chemistry. Basic data processing was performed in the SciLifeLab facility. Briefly, the FASTQ sequence files were mapped to Human Genome, GRCh37 with STAR aligner [27](#stem2943-bib-0027){ref-type="ref"}. The outputted BAM alignment files were used for further analysis described below.

RNA‐Seq Analysis {#stem2943-sec-0020}
----------------

The expression count table was produced by feeding FeatureCounts [28](#stem2943-bib-0028){ref-type="ref"} with the BAM files produced in the previous step and annotation file gencode.v27lift37 from GENCODE. Differential gene expression analysis was performed using the R package edgeR [29](#stem2943-bib-0029){ref-type="ref"}. Gene expression pattern analysis was performed with *k*‐mean function in R. Analysis and graphs were produce with custom scripts available by request.

Results {#stem2943-sec-0021}
=======

*SMAD4* Is Not Required for hESC Self‐Renewal {#stem2943-sec-0022}
---------------------------------------------

hESCs can be cultured long‐term with the maintenance of pluripotency using a chemically defined E8 medium, but in the absence of TGFβ or NODAL, hESCs can become unstable and will differentiate after long‐term passage [3](#stem2943-bib-0003){ref-type="ref"}. Since *SMAD4* is an irreplaceable component in these signaling pathways, *SMAD4* mutant hESCs might interrupt TGFβ/NODAL signaling, leading to instability following long‐term passage. Despite the clear requirement of TGFβ/NODAL signaling in the maintenance of pluripotency, the requirement of *SMAD4* is still unclear.

Accordingly, we used the CRISPR‐Cas9 system to generate six *SMAD4* mutated hESC clonal cell lines, with further analysis of two independent lines. The targeted region was sequenced, confirming that the two alleles of clone 1 and 2 had deletions in the targeted site (Fig. [1](#stem2943-fig-0001){ref-type="fig"}A). At the protein level, both Western blot and immunostaining confirmed the *SMAD4* mutant cannot produce stable SMAD4 proteins (Fig. [1](#stem2943-fig-0001){ref-type="fig"}B, [1](#stem2943-fig-0001){ref-type="fig"}C). The success of generating *SMAD4* mutant hESC clones demonstrated their self‐renewing capacity. *SMAD4* mutants can be expanded and passaged in E8 medium without morphological defects in standard culture up to 6 months (Fig. [1](#stem2943-fig-0001){ref-type="fig"}B). Furthermore, all of the *SMAD4* mutant clones expressed the pluripotency markers: POU5F1, NANOG, and SOX2 (Fig. [1](#stem2943-fig-0001){ref-type="fig"}C and Supporting Information Fig. [S4A](#stem2943-supitem-0001){ref-type="supplementary-material"}).

![*SMAD4* is not required for the maintenance of human embryonic stem cells (hESCs). **(A):** Mutated sequences in the *SMAD4* loci. Clone 1, two patterns: 12 deletion/1 insertion‐1 deletion; clone 2, two patterns: 4 deletion/18 deletion. **(B):** Western blot demonstrates absence of detectable SMAD4 protein in mutant clones SMAD4.C1 and SMAD4.C2. **(C):** Immunostaining demonstrates absence of detectable SMAD4 protein in mutant clones SMAD4.C1 and SMAD4.C2 (scale bar = 100 μm). **(D):** Bright field images demonstrate normal hESC morphology of *SMAD4* mutant clones compared with wild‐type hESC (scale bar: left = 400 μm; right = 200 μm). **(E):** Immunostaining images demonstrate both SMAD4 mutant and the wild‐type hESCs express the pluripotency markers POU5F1 in green and NANOG in red (scale bar = 100 μm).](STEM-37-216-g001){#stem2943-fig-0001}

The E8 medium we used, was based on FGF2 and TGFβ. Since FGF2 and NODAL can also support pluripotency, we further tested the alternative medium. We added 100 ng/ml FGF2 to E6, which is E8 without FGF2 and TGFβ, as a basal medium, which we designated as medium E7. In total, four media were tested, E7, E7 with 100 ng/ml NODAL, E7 with 2 ng/ml TGFβ, and E7 with 2 ng/ml Activin A. Since the *SMAD4* mutants cannot respond to NODAL, TGFβ, or Activin A, they can be maintained in all four media, while wild‐type ES03 differentiated in E7 and Activin A after a few days in culture (Supporting Information Fig. [S3](#stem2943-supitem-0001){ref-type="supplementary-material"}). This result further demonstrates that SMAD4 is not required for hESC self‐renewal.

We also used RNA‐Seq to compare wild‐type and *SMAD4* mutant hESCs. In *SMAD4* mutants, splicing appeared normal (Supporting Information Fig. [S1A](#stem2943-supitem-0001){ref-type="supplementary-material"}, [S1B](#stem2943-supitem-0001){ref-type="supplementary-material"}), but the DNA‐binding domain was disrupted (Supporting Information Fig. [S1C](#stem2943-supitem-0001){ref-type="supplementary-material"}). Mutation in one allele of clone 2 introduced a premature stop codon, whereas the two alleles in clone 1 and the other allele in clone 2 might produce mutated proteins. All mutations were found in the link between the β‐hairpin and the L4 double loop within the DNA‐binding domain of the MH1 domain [30](#stem2943-bib-0030){ref-type="ref"}.

Differential gene expression analysis of the wild‐type and *SMAD4* mutant cell lines revealed minimal differences (Supporting Information Fig. [S1D](#stem2943-supitem-0001){ref-type="supplementary-material"} and Table [S1](#stem2943-supitem-0001){ref-type="supplementary-material"}). Pluripotency genes, including *POU5F1*, *NANOG*, *SOX2*, were not differentially expressed (Supporting Information Table [S1](#stem2943-supitem-0001){ref-type="supplementary-material"}). In contrast, TGFβ signaling and target genes including *LEFTY1*, *LEFTY2*, and *CER1* (Supporting Information Table [S1](#stem2943-supitem-0001){ref-type="supplementary-material"}), were down regulated as expected, supporting *SMAD4* loss‐of‐function. Taken together, these data demonstrate that *SMAD4* is not essential for hESC self‐renewal.

*SMAD4* Is Essential for CM Differentiation {#stem2943-sec-0023}
-------------------------------------------

In early differentiation protocols, BMP4 and Activin A were used to differentiate hESCs to cardiomyocytes [9](#stem2943-bib-0009){ref-type="ref"}. Both BMP4 and Activin A require *SMAD4* for proper function. Although some BMPs or Activin A inhibitors have been shown to block or reduce the differentiation process [10](#stem2943-bib-0010){ref-type="ref"}, [11](#stem2943-bib-0011){ref-type="ref"}, direct evidence is lacking to show that *SMAD4* is essential for cardiac mesodermal formation and/or downstream CM differentiation.

To determine if *SMAD4* is essential for human CM differentiation, we compared wild type (WT) and *SMAD4* mutant hESCs in a CM differentiation assay using the GiWi protocol [10](#stem2943-bib-0010){ref-type="ref"}. Though WT differentiated hESCs produced robust beating CMs, after 14 days, *SMAD4* mutants produced no mature beating cells (*n* = 4). Furthermore, we tested both WT and mutant *SMAD4* hESC GiWi treated cells at day 14 for the expression of TNNT2, a marker of CM sarcomere formation, via flow cytometry. Similar to the functional beating CM assay, more than 80% of WT hESCs showed expression of TNNT2, while both *SMAD4* mutant clones produced no detectable TNNT2+ cells (Fig. [2](#stem2943-fig-0002){ref-type="fig"}A and Supporting Information Fig. [S3](#stem2943-supitem-0001){ref-type="supplementary-material"}). To our knowledge this result is the first direct evidence that *SMAD4* is absolutely essential for human CM differentiation from hESCs.

![*SMAD4* is required for human cardiomyocyte differentiation. **(A):** Flow cytometry analysis demonstrates *SMAD4* mutant human embryonic stem cells (hESCs) fail to form TNNT2+ cardiomyocytes. Compare left panel hESC with middle and right panel mutant SMAD4 clones C1 and C2, respectively. **(B):** SMAD4 rescue construct used to overexpress/rescue SMAD4 in wild‐type and the mutant clones contains a UbC promoter driving V5‐tagged *SMAD4*. **(C):** Flow cytometry analysis demonstrates rescued clones recue cardiac differentiation to became TNNT2+ cardiomyocytes. **(D):** Flow cytometry analysis demonstrates *SMAD4* mutated hESCs failed to become TNNT2*+* cardiomyocyte using growth factor‐based differentiation method. **(E):** Summary graph of TNNT2 flow cytometry of SMAD4 WT, mutant clones, rescue clones, and growth factor‐based differentiation method. \*, *p* \< .0001; compared with ES03 (*n* ≥ 3). ^\#^, *p* \< .0001; compared with SMAD4.C1 (*n* = 4). ^+^, *p* \< .0001; compared with SMAD4.C2 (*n* = 4). ES03 + Rescue.C2 with similar level SMAD4v5 expression as the mutant rescue clones. Ns, *p* = .2664 (*n* = 4). ^&^, *p* \< .0001; compared with ES03.AB (*n* = 3). AB indicates Activin a/BMP4 differentiation protocol.](STEM-37-216-g002){#stem2943-fig-0002}

To prove that the failure of CM differentiation is due to the loss of *SMAD4*, we re‐expressed *SMAD4* in the mutant cells using a human Ubiquitin C promoter (UbC) driving the expression of a C‐terminal V5 tagged SMAD4. We examined transfected hESC cells by immunostaining of POU5F1, SOX2, and V5, marking expression of tagged SMAD4. *SMAD4* mutants stained positive for POU5F1, SOX2, but not V5, while the rescued mutants stained positive for V5, indicating the expression of the tagged SMAD4 (Supporting Information Fig. [S4A](#stem2943-supitem-0001){ref-type="supplementary-material"}). Following differentiation using the GiWi protocol, both rescued clones had only a few beating clusters and the flow cytometry showed 1% of TNNT2+ cells (Supporting Information Fig. [S5](#stem2943-supitem-0001){ref-type="supplementary-material"}). This is in contrast to the nonrescued mutant clones that produced no detectable CMs. We hypothesized that the low efficiency was due to heterogeneity of the rescue pools suppression of differentiation through a noncell autonomous mechanism. To address this possibility, we generated single cell derived clones from the rescue pools. The single cell derived clones express SMAD4v5 homogeneously at the hESC stage and the differentiation efficiency increased to 36%, statistically equivalent to the WT (*p* = .266; Fig. [2](#stem2943-fig-0002){ref-type="fig"}C, [2](#stem2943-fig-0002){ref-type="fig"}D and Supporting Information Fig. [S6](#stem2943-supitem-0001){ref-type="supplementary-material"}). These data strongly support that the failure of CM differentiation in the CRISPR‐induced *SMAD4* mutants is due to the mutation in *SMAD4*, and cannot be ascribed to off‐target effects.

To further demonstrate the requirement of *SMAD4* in human CM differentiation from hESC is independent of the differentiation protocol, we used an Activin A/BMP4 protocol adopted from previous studies [10](#stem2943-bib-0010){ref-type="ref"}, [22](#stem2943-bib-0022){ref-type="ref"}, [23](#stem2943-bib-0023){ref-type="ref"}, [24](#stem2943-bib-0024){ref-type="ref"} to differentiate the *SMAD4* mutated hESCs into CM. After 14 days of differentiation, the wild‐type ES03 yielded 40% TNNT2+ CMs, while the mutants produced no detectable CMs (Fig. [2](#stem2943-fig-0002){ref-type="fig"}D, [2](#stem2943-fig-0002){ref-type="fig"}E). Taken together, these results support the conclusion that *SMAD4* is essential for human CM differentiation from hESCs.

RNA‐Seq Analysis Reveals the Distinct Roles of WNT/β‐Catenin and NODAL/SMAD4 Signaling Pathways {#stem2943-sec-0024}
-----------------------------------------------------------------------------------------------

As established in a previous study in hESCs [31](#stem2943-bib-0031){ref-type="ref"}, in vitro cardiogenesis occurs via sequential distinct developmental stages, corresponding to the parental embryonic stem cells (day 0), primitive streak/early mesoderm (day 1), cardiac mesoderm (day 3), and cardiac progenitor/early CM stages (day 6). To understand the downstream effect of *SMAD4* mutations in this sequential process of human in vitro cardiogenesis, we used RNA‐Seq to comprehensively compare the transcriptional profiles between the WT and the *SMAD4* mutants at these stages. The relationship between the *SMAD4* mutant and the WT cell lines is displayed in the multidimension scaling plot (Fig. [3](#stem2943-fig-0003){ref-type="fig"}A). During differentiation, the number of differentiated expressed genes increased beginning with hESCs, 12 up, 8 down and by day 6 of differentiation, 223 up, 573 down (log fold change, log~2~ FC \> 3, *p*‐value \<10^−5^; Fig. [3](#stem2943-fig-0003){ref-type="fig"}B).

![RNA‐Seq reveals stage‐specific difference between the wild‐type and *SMAD4* mutants. **(A):** MDS plot demonstrates the similarities in transcriptional profiles between samples. **(B):** Increasing numbers of differentially expressed genes comparing SMAD4 wild‐type and mutants at 0, 1, 3, and 6 days. **(C):** Heat map demonstrates the dynamic expression of ligands from WNT, TGFβ superfamily, and FGF signaling pathways. **(D):** Heat map demonstrates representative marker genes expression. Abbreviations: PN, proneuroectoderm; PS, primitive streak; MESEND, mesendoderm; CPC, cardiac progenitor cells; CM, cardiomyocyte; NE, neuroectoderm; MDS, multidimensional scaling.](STEM-37-216-g003){#stem2943-fig-0003}

We subsequently compared the expression of ligands from three major signaling pathways (TGFβ superfamily, WNT, and FGF) between *SMAD4* mutants and wild‐type differentiating hESC (Fig. [3](#stem2943-fig-0003){ref-type="fig"}C). At day1 after induction, the signaling cues for initiating the differentiation program were formed in WT cells, including *DKK4*, *DKK1*, *FGF4*, *FGF19*, *FGF13, FST*, *LEFFTY1*, *NODAL*, and *WNT5B*. In contrast, *SMAD4* mutants failed to induce *DKK1*, *DKK4*, *FGF4*, and *FGF13*, suggesting these might be the downstream targets of SMAD4. It was notable that NODAL was one of the very few TGFβ pathway ligands expressed (Fig. [3](#stem2943-fig-0003){ref-type="fig"}C). Furthermore, *NODAL* was expressed in both wild‐type and *SMAD4* mutants, suggesting its expression was induced through WNT/β‐catenin signaling. This result supports the notion that in the absence of SMAD4, hESCs cannot respond to NODAL, NODAL/SMAD4 downstream targets remain inactive, and fail to induce the molecular program necessary for the earliest stages of cardiogenesis.

To further study the initial formation of cardiac mesoderm, we examined the effects of WNT/β‐catenin activation at day 1. As the first step of GiWi protocol, high‐dose GSK3β inhibitor (CH99021, 12 μM) activated the primitive streak (PS) genes: *T* (*TBXT*), *EOMES*, *MIXL1*, and *GSC* (Fig. [3](#stem2943-fig-0003){ref-type="fig"}D). The expression of PS genes in *SMAD4* mutant cells was clearly weaker than wild‐type cells (Fig. [3](#stem2943-fig-0003){ref-type="fig"}D and Supporting Information Fig. [S7B](#stem2943-supitem-0001){ref-type="supplementary-material"}, [S7C](#stem2943-supitem-0001){ref-type="supplementary-material"}), suggesting the initial expression of PS genes might be dependent on WNT/β‐catenin, but the level and duration was regulated by NODAL/SMAD4. Consistent with a previous study [32](#stem2943-bib-0032){ref-type="ref"}, we noted the proneuroectoderm genes: *GBX2*, *AXIN2* were also induced (Fig. [3](#stem2943-fig-0003){ref-type="fig"}D). These results untangle the roles of WNT/β‐catenin and NODAL/SMAD4 signaling pathways in human mesoderm induction. With WNT stimulation, primitive streak (PS) genes are expressed, but relatively weakly, and it appears that the NODAL/SMAD4 pathway enhances PS gene expression and takes the activated cells into formation of mesodermal lineages.

*SMAD4* Is Required for the Formation of Human Cardiac Mesodermal Precursor Cells {#stem2943-sec-0025}
---------------------------------------------------------------------------------

Consistent with reduced expression of PS genes, there was a failure of mesendoderm induction, attenuating the expression of *CXCR4, HAND1, MESP1*, *SOX17*, and *TBX6* (Fig. [3](#stem2943-fig-0003){ref-type="fig"}D and Supporting Information Fig. [S7A](#stem2943-supitem-0001){ref-type="supplementary-material"}). However, at the protein level, mesendoderm markers, such as APLNR, ANPEP (CD13), CXCR4, were expressed in day 2 cells (Supporting Information Fig. [S8](#stem2943-supitem-0001){ref-type="supplementary-material"}). This suggests that these genes were stimulated by WNT/β‐catenin, but required SMAD4 relative signaling pathways to correctly direct cells into the mesendoderm cell fate. We also used immunostaining to verify that the *SMAD4* mutants failed to form MESP1+ cardiac mesodermal precursor cells. Compared with the wild‐type cells, the expression of MESP1 in the *SMAD4* mutants was much lower. Although the cells were still in the early stage, cardiac progenitor marker ISL1 and early CM marker NKX2‐5 also were expressed at a very low level in the wild‐type. However, in the *SMAD4* mutants, ISL1 and NKX2‐5 were at negligible levels below the level of detection. Taken together, these data suggest the *SMAD4* mutants fail to form cardiac mesoderm precursor cells.

By day 6, wild‐type differentiating hESCs became *ISL1*+ cardiac progenitors [33](#stem2943-bib-0033){ref-type="ref"} and began to express early CM markers: *NKX2‐5*, *TNNT2*, *MYL7*, and *PLN*. At the same stage of differentiation, *SMAD4* mutant cells did not express any of these cardiac genes. In contrast, *SMAD4* mutant cells expressed *FOXG1, PAX6*, *RAX*, and *SIX6*, consistent with a neuroectoderm fate [34](#stem2943-bib-0034){ref-type="ref"} (Fig. [3](#stem2943-fig-0003){ref-type="fig"}D). We also confirmed the expression of *PAX6* in the mutant cells, but not in wild‐type, by immunostaining (Fig. [4](#stem2943-fig-0004){ref-type="fig"}B). Taken together, these results demonstrate that the *NODAL*/*SMAD4* pathway plays an important role in the early cell fate decision between mesendoderm and neuroectoderm in human cells, and it essential for the formation of cardiac mesoderm precursor cells.

![*SMAD4* mutant fail to form cardiac mesoderm precursor cells and defaults to neuroectoderm fate under conditions for cardiac differentiation. **(A):** Immunostaining demonstrates expression of the cardiac progenitor marker ISL1, cardiac mesoderm marker MESP1 and cardiomyocyte marker NKX2‐5 after 3 days cardiac differentiation. Scale bar = 100 μm. **(B):** Immunostaining demonstrates expression of the pluripotent marker POU5F1, cardiac marker NKX2‐5, and neuroectoderm marker PAX6 after 6 days cardiac differentiation. Scale bar = 100 μm.](STEM-37-216-g004){#stem2943-fig-0004}

![Model summarizing the essential roles of *SMAD4* in human cardiomyocyte differentiation. SMAD4 is essential for human cardiac mesodermal precursor cell formation.](STEM-37-216-g005){#stem2943-fig-0005}

Discussion {#stem2943-sec-0026}
==========

SMAD4 and hESC Self‐Renewal {#stem2943-sec-0027}
---------------------------

Early studies have demonstrated the essential roles for TGFβ and NODAL signaling play in hESC self‐renewal [2](#stem2943-bib-0002){ref-type="ref"}, [4](#stem2943-bib-0004){ref-type="ref"}, [5](#stem2943-bib-0005){ref-type="ref"}, [6](#stem2943-bib-0006){ref-type="ref"}. SMAD4 plays a critical role in the modulation of TGFβ signaling, suggesting it would be important for hESC self‐renewal. Avery et al. first challenged this idea showing that *SMAD4* knockdown in hESCs prevents the rapid differentiation normally induced by the TGFβ inhibitor SB431542. Furthermore, Avery observed a loss of the stability of hESC cultures and differentiation toward neural lineage. Thus, their result demonstrated that SMAD4 was not required for hESC self‐renewal in the short‐term. Our results agree with this short‐term assessment. However, while Avery\'s SMAD4 KD cells were unstable in the long‐term, our SMAD4 mutant cells are stable in the long‐term. There are several possible explanations for these differences. First are differences in culture conditions‐ we used a chemically defined media, Essential 8, whereas, Avery used a Dulbecco\'s modified Eagle\'s medium supplemented with knockout serum replacement, nonessential amino acids, [l]{.smallcaps}‐glutamine, and βFGF. Another possible explanation for the discrepancy between Avery\'s work and ours is the techniques used to eliminate *SMAD4* expression. Avery used a knockdown approach that may have contained residual, functional SMAD4. In contrast, we inactivated *SMAD4* using genetic techniques. Our *SMAD4* mutants demonstrate a loss of both SMAD4 protein and SMAD4 function. Thus, in the current study, we demonstrate *SMAD4* is dispensable for hESC long‐term self‐renewal.

SMAD4 and Human Cardiac Mesodermal Formation and CM Differentiation {#stem2943-sec-0028}
-------------------------------------------------------------------

One of the central advantages of human ES cell models of cardiogenesis lies in the ability to study the role of specific signaling pathways at the earliest stages of mesodermal formation. Herein, we document the sequential expression of primitive streak marker *TBXT* at day 1, cardiac mesoderm marker *MESP1* at day 3, and cardiac progenitor marker, *ISL1*, at day 6. However, in *SMAD4* mutants, *TBXT* was expressed at a lower level than in wild‐type hESCs, while the expression of *MESP1* and *ISL1* were absent in *SMAD4* mutants. Mechanistically, our RNA‐Seq results suggest that the differentiation programs diverge at the PS stage, with lower expression level of PS genes, including *TBXT*, *EOMES*, and *MIXL1*. This suggests that the trigger of these genes was present, but the right positive feedback or the necessary enhancer binding was missing. Previous studies [32](#stem2943-bib-0032){ref-type="ref"}, [35](#stem2943-bib-0035){ref-type="ref"} showed that β‐catenin can trigger the expression of PS genes. But without the feedback from NODAL/SMAD4 signaling pathway, these genes could not reach the levels that are required to drive the downstream signaling cascades. When the first wave of signal cubes fades away, the cells just drop back to their default neuroectoderm fate (Fig. [5](#stem2943-fig-0005){ref-type="fig"}). Thus, the enhancement of PS gene expression from NODAL/SMAD4 signaling pathway is essential for human cardiac mesodermal formation and subsequence CM differentiation.

Distinct Role of SMAD4 in Human Versus Murine Models of Cardiogenesis {#stem2943-sec-0029}
---------------------------------------------------------------------

Homozygous *Smad4* null mice exhibit growth retardation, develop abnormal visceral endoderm, and fail to form mesoderm [16](#stem2943-bib-0016){ref-type="ref"}, [17](#stem2943-bib-0017){ref-type="ref"}. Aggregation of mutant *Smad4* mouse embryonic stem cells (mESCs) with wild‐type tetraploid morulae rescues the gastrulation defect [17](#stem2943-bib-0017){ref-type="ref"}, suggesting that the failure to gastrulate and form mesoderm is secondary and noncell autonomous. Inactivation of *Smad4* at the epiblast stage with *Sox2*Cre permits gastrulation and mesoderm formation. The expression of cardiac differentiation stage markers *Tbxt*, *Mesp1*, *Nkx2‐5*, and *Actc1* can be detected at corresponding stages [18](#stem2943-bib-0018){ref-type="ref"}, [19](#stem2943-bib-0019){ref-type="ref"}. In the absence of *Smad4*, the cardiac development of the heart is severely compromised with multiple abnormal structures, though in some mutant embryos, a primitive, and unlooped heart tube is observed [19](#stem2943-bib-0019){ref-type="ref"}. This indicates that in mice, cardiac lineage specification occurs in the absence of *Smad4*. In contrast, our current study demonstrates that human *SMAD4* mutants fail to form either cardiac mesoderm or cardiomyocytes, reflecting the differential requirements of SMAD4 in early cardiogenesis between human and mice.

Conclusion {#stem2943-sec-0030}
==========

Existing human genetic data supports our in vitro findings. In humans, recessive *SMAD4* somatic mutations are strongly correlated with the development of pancreatic and other cancers [36](#stem2943-bib-0036){ref-type="ref"}, [37](#stem2943-bib-0037){ref-type="ref"}. Germline haploinsufficiency of *SMAD4* is associated with the autosomal dominant syndrome juvenile polyposis/hereditary hemorrhagic telangiectasia [38](#stem2943-bib-0038){ref-type="ref"}, [39](#stem2943-bib-0039){ref-type="ref"}. In contrast, heterozygous gain of function *SMAD4* mutations are associated with Myhre Syndrome that includes cardiac structural defects [40](#stem2943-bib-0040){ref-type="ref"}. Furthermore, a subtle *SMAD4* mutation (rs281875322) was reported in a patient with aortic arch hypoplasia and a ventricular septal defect [41](#stem2943-bib-0041){ref-type="ref"}. To date, 539 *SMAD4* variants have been reported in ClinVar [42](#stem2943-bib-0042){ref-type="ref"}, yet no homozygous mutations have been reported in humans. The lack of any existing report of a human with homozygous *SMAD4* mutations supporting *SMAD4*'s essential role in human development. The current studies suggest a close examination of other known or novel genetic variants for congenital cardiac malformations may also be found at the earliest stages of cardiac mesodermal formation in human pluripotent stem cell model systems.
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Table S1. Differential Gene Express between wild type and SMAD4 mutated hESCs.

Figure S1. RNA‐Seq reveals mutant SMAD4 transcript and differential gene expression.

\(A\) Read coverage track of the SMAD4 locus. (B) Zoom in of the mutated region. (C) Protein sequence translated from reconstructed transcripts. (D) Mean‐Differential (MD) plot of SMAD4 wild type vs. mutant hESCs. TGFβ targets *LEFTY1*, *LEFTY2* and *CER1* are part of this group of differentially expressed genes.

Figure S2. Whole image of the western blot.

Lanes from left to right: marker lane, wild type ES03, SMAD4 mutant clone 1, and SMAD4 mutant clone 2.

Figure S3. Bright field images show the morphology of SMAD4 mutated hESCs and wild type hESC.

E6 medium is the E8 medium minus FGF2 and TGFβ 1; it was used as basal medium for this set of experiments. E7 = E6 medium added 100ng/ml FGF2. E8 = E7 with 100ng/ml Nodal or 2ng/ml TGFβ1. Scale bar = 200 μm.

Figure S4. Re‐expression of SMAD4 rescue clones in hESCs.

\(A\) Immunostaining demonstrates V5 tag expression in a mixed population rescue pool. (B) Live cell image showing the GFP expression in single cell derived clones. Scale bar = 100 μm.

Figure S5. Cardiomyocytes from SMAD4 rescued hESCs mix pool.

Cells were stained with TNNT2 (left image column), NKX2‐5 (center image column), or as merge with DAPI (right image column). Right panel of flow indicates TNNT2 positive cells in ES and rescued clones (rows 1, 2, and 3) but not in SMAD4 mutants (rows 4 and 5). Scale bar = 100 μm.

Figure S6. Characterization of cardiomyocytes from SMAD4‐rescued, single‐cell derived hESCs.

Cells were immunostained with TNNT2, NKX2‐5, and V5, demonstrating that re‐ expression of SMAD4 in mutant clones permits expression of cardiac marker genes. Scale bar = 100 μm.

Figure S7. Supplemental RNA‐Seq analysis.

\(A\) k‐mean clusters, k = 8. (B) Expression pattern of day 1 genes. Top: genes with higher expression level in the mutants than wild type; these were mainly pro‐ neuroectoderm genes. Middle: genes with lower expression level in the mutants than wild type; these were mainly primitive streak genes. Bottom: genes not expressed in the mutant. (C) Bar chart showing example genes of the three types with Transcripts Per Kilobase Million (TPM).

Figure S8. Expression of marker genes under GiWi conditions.

Flow cytometry demonstrates expression of CXCR4, APLINR, and ANPEP (CD13) on day 2 of GiWi cardiac differentiation in both SMAD4 wild type and mutant cells.
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Click here for additional data file.

We would like to acknowledge support from Science for Life Laboratory, the National Genomics Infrastructure, NGI, and Uppmax for providing assistance in massive parallel sequencing and computational infrastructure. pLentiCRISPR was a gift from Feng Zhang at Massachusetts Institute of Technology. We thank Wellcome Trust Sanger Institute for making the *PiggyBac* material available. We also thank Elif Eroglu and Chuen Yan Leung for proofreading. This work was supported by grants from the Swedish Research Council and the Knut and Alice Wallenberg Foundation.
